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BIPOLAR PLATE 

BACKGROUND 

1. Technical Field 
The invention relates to the art of electrochemical cells 

and more particularly, to a corrosion-resistant and durable 
metal bipolar plate capable of functioning in the highly 
corrosive fuel cell environment and a method of manufac 
turing the same. 

2. Background of Related Art 
Due to increasing demand in the earth’s limited energy 

resources and loW conversion ef?ciencies of conventional 
poWer generation systems as Well as environmental con 
cerns, the need for a clean, reliable, and reneWable source of 
energy has greatly escalated. Fuel cells are one of the most 
promising techniques to meet this need. 

In a fuel cell, the chemical energy is provided by a fuel, 
such as hydrogen, and an oxidant, such as oxygen, stored 
outside the fuel cell. Functionally, a fuel cell has tWo 
electrodes ?anking an electrolyte. Oxygen passes over one 
electrode and hydrogen over the other, generating electricity, 
Water and heat. 
Among numerous types of fuel cells, a proton exchange 

membrane cell (PEM) type is knoWn for operating at rela 
tively loW temperatures (about 200° F.), as Well as for having 
high poWer density and varying their output quickly to meet 
shifts in poWer demands. All of the above-mentioned char 
acteristics are found particularly attractive to automobile 
industry, Where PEMs have been declared “the primary 
candidate for high-duty vehicles.” 

The heart of the fuel cell, including the PEM fuel cell, is 
a thin, solid polymer membrane-electrolyte having an anode 
on one face of the membrane-electrolyte, Whereas the other 
face thereof is provided With the cathode. The membrane is 
sandWiched betWeen a pair of electrically conductive contact 
elements Which serve as a current collectors con?gured to 
deliver and distribute the fuel cell’s gaseous reactants (H2 
and O2/air) over the surfaces of the respective anode and 
cathode. 
A bipolar PEM fuel cell comprises a plurality of the 

membrane-electrode-assemblies stacked together in the 
electrical series While being separated one from one another 
by an impermeable, electrically conductive contact element 
knoWn as a bipolar plate. The opposite faces of the bipolar 
plate are juxtaposed With the anode of one cell and the 
cathode of the other cell, respectively. Accordingly, the 
bipolar plate separates adjacent cells and electrically con 
ducts current therebetWeen. Furthermore, the bipolar plates 
give rigidity to the PEM fuel cell stack and support the 
membranes. In addition, the various ?oW channels for air, 
fuel and coolant are typically incorporated into the bipolar 
plates. 

In a Working PEM environment, the bipolar plates are in 
constant contact With highly acidic solutions. Moreover, the 
cathode operates in.a highly oxidizing environment While 
being exposed to pressurized air. Also, the anode is con 
stantly exposed to super atmospheric hydrogen and an acidic 
environment as Well. Hence, bipolar plates must be resistant 
to acids, oxidation, hydrogen and brittleness. Otherwise, the 
bipolar plates are affected by corrosion, Which is detrimental 
to the performance of fuel cell as it fouls the catalyst of the 
electrode in the membrane electrode assembly and steadily 
degrades the cell’s poWer output. 

Graphite is currently the most popular bipolar material for 
fuel cell applications because of its non-corrosive property. 
HoWever, graphite is brittle and porous making it extremely 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
dif?cult to machine and assemble bipolar plates during the 
production process. Still another consequence stemming 
from the inherent characteristics of graphite is that it is a 
poor load-support structure. Note that for the operation of 
the fuel cell, it is necessary to generate tWo perfectly sealed 
chambers, one for oxygen and the other for hydrogen. Since 
high loads are detrimental to structural integrity of graphite, 
a fuel cell stack often leaks externally because of the lack of 
suf?cient forces capable of reliably sealing adjacent bipolar 
graphite plates. In addition, the fuel cell stack leaks inter 
nally as a result of the porosity of graphite. To combat this 
problem, the surfaces of the graphite bipolar plates are 
covered by a sealant, Which, unfortunately, decreases the 
electrical conductivity of the graphite surfaces and, thus, 
increases the heat loss. Both types of leakage represent a 
safety haZard (hydrogen is extremely explosive) and may 
jeopardiZe the operation of the fuel cell. Finally, graphite is 
relatively expensive. 
As an obvious alternative to graphite, lightWeight metals 

such as aluminum and titanium and their alloys have been 
proposed. While metals are non-porous, highly electro 
conductive, inexpensive, durable and have loW density, their 
use in the PEM environment is limited because of their loW 
resistance to corrosion. 

Covering metal substrates With polymeric material 
increases electrical resistance of the bipolar plates. Hence, 
electrical conductivity of the bipolar plate at the very least 
decreases and, in some cases, may be dramatically reduced. 

It is, therefore, desirable to produce reliable and ef?cient 
metal-based bipolar plates capable of exhibiting high resis 
tance to corrosion in an acidic environment. 

SUMMARY OF THE INVENTION 

A bipolar plate made from a metal substrate and having at 
least one corrosion-resistant metallic layer attains this obj ec 
tive. In accordance With one aspect of the invention, a 
metallic poWder directed toWards the substrate at high 
velocities forms the corrosion-resistant layer. In practice, the 
poWdered metallic particles possessing great kinetic energy 
splat across and embed into the metal substrate at a depth. 
As a result, the metal substrate and poWdered particles 
interlock and form the corrosion-resistant layer. 

In accordance With another aspect of the invention, the 
above-disclosed inventive concept has been implemented by 
the use of a thermal spray technique alloWing the metallic 
particles to possess the necessary kinetic energy for the 
particles to impregnate and interlock With the metal sub 
strate Within the boundary region. Accordingly, the thermal 
spray technique provides a base metal forming the substrate 
comprising an anti-corrosion layer. In other Words, the 
thermal spray technique improves the anti-corrosion prop 
erties of a base metal. 

In accordance With one sub-aspect of the invention, the 
thermal-spray technique utiliZed for providing a corrosion 
resistant metallic layer includes any method providing a 
particle stream With high velocities. These methods include 
plasma coating, detonation, diamond jet and high velocity 
oxygen fuel (HVOF) technologies, Which are all associated 
With elevated temperatures and high velocities. Note, that 
the thermal spray techniques dilfer from one another by 
respective temperatures and velocities. For example, the 
plasma technology utiliZes highly elevated temperatures, 
Whereas, the HVOF is knoWn for relatively loW tempera 
tures slightly exceeding the melting temperatures of the 
metallic particles and very high velocities. Still another 
promising technique associated With extremely high veloci 
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ties and loW temperatures is a cold gas dynamic technology 
characterized by high velocities and loW temperatures. 

The high-velocity oxygen fuel (HVOF) technology has 
been found highly ef?cient Within the context of this inven 
tion and, as known, uses oxygen and a fuel (liquid or 
gaseous) to produce a high velocity gas stream. Entrained in 
the gas stream is a line of nitrogen carrying metallic poWder 
that impacts upon the metal substrate. As a result of the 
impingement of the particles against the metal substrate at 
high velocities, the metallic poWder splats, embeds and 
impregnates a boundary region of the metal substrate. 
Hence, a multi-layered all metallic structure of the bipolar 
plate has a highly dense corrosion-resistant metallic layer. In 
addition to the thermal spray technology, a vapor-deposition 
technology can be utiliZed as Well. The disadvantage of the 
latter is its relatively sloW-rate of deposition. 

According to a further aspect of the invention, the metallic 
poWder impacted into the metallic substrate preferably 
includes nickel-based, chrome-based and/or carbide-based 
alloys. In a preferred embodiment, these alloys are mixed. 

In a further aspect of the invention, because the thermal 
spray technique is associated With a signi?cant temperature 
gradient across the bipolar plate to be treated, the latter tends 
to deform. Even assuming that the opposite faces of the 
bipolar plate have the same thermal expansion coef?cient, 
the sprayed-upon face still Would expand more than the 
opposing face. Since the principle of operation of the 
thermal spray technology is a combination of diffusion, 
interlocking and embedment resulting from of the high 
impinging forces of the heated particles, the plates tend to 
deform as a result of a temperature differential betWeen the 
treated side and the opposing non-treated side of the bipolar 
plate. Accordingly, repeated deformation of the bipolar plate 
leads to eventual cracking of the corrosion-resistant layer 
and other physical consequences detrimentally affecting the 
bipolar plate. 

To minimiZe a temperature gradient, the invention pro 
vides for a feW alternatives. One alternative is to increase the 
thickness of the bipolar plate. The doWnside of this seem 
ingly easy solution is an increased volume, cost and Weight 
of a fuel cell typically comprised of many bipolar plates. 

Still another inventive solution to the deformation prob 
lem is to heat the side opposite to the side exposed to the 
thermal spray during the process of forming the corrosion 
resistant metallic layer to minimiZe the temperature differ 
ential. 

Yet a further embodiment of the inventive method 
includes cooling the gas jet stream impacting upon the 
substrate of the bipolar plates. In additional to different 
techniques directed to simultaneously heating the opposite 
sides of the bipolar plate during applying a metallic corro 
sion resistant layer, the cold gas dynamic coating is an 
effective alternative solution to the thermal technologies. 
A further aspect of the invention relates to the metallic 

bipolar plate featuring a neW design of fuel and oxidant 
channels, Which are speci?cally con?gured to be effectively 
covered by the top non-corrosive metallic layer applied in 
accordance With the inventive method. 

OBJECTS OF THE INVENTION 

It is, therefore, a principle object of the invention to 
provide a cost-effective and corrosion-resistant metal bipo 
lar plate; 
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4 
Another object of the invention is to provide a highly 

conductive and anticorrosion multi-layered metallic bipolar 
plate characterized by improved resistance to mechanical 
and thermal stresses; 
A further object of the invention is to provide a robust 

structure of the multi-layered metallic bipolar plate capable 
of Withstanding increased loads; 

Still another object of the invention is to provide a method 
for manufacturing the multi-layered metallic bipolar plate 
having increased anti-corrosion characteristics; and 

Yet a further object of the invention is to provide a 
cost-e?icient mass-production method for manufacturing 
the bipolar plates directed to minimiZe their deformation 
during application of the corrosion-resistant metallic layer to 
the surface of the metallic substrate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other objects, advantages and features Will 
become more readily apparent from the description of the 
preferred embodiment accompanied by the folloWing draW 
ings, in Which: 

FIG. 1 is a cross-sectional vieW of the inventive multi 
layered metallic bipolar plate; 

FIG. 2 is a schematic vieW of an HVOF process adapted 
to produce the inventive bipolar plates; 

FIG.3 is a side vieW of the bipolar plate produced in 
accordance With the invention after it has been treated by a 
HVOF thermal spray system; 

FIG. 4 is an illustration of the preferred embodiment of 
the inventive method of producing the inventive bipolar 
plates by the HVOF; 

FIG. 5 is an isometric vieW of the inventive bipolar plate; 
FIGS. 6A and 6B are schematic vieW of different serpen 

tine designs; and 
FIG. 7 is a cross-section of How conveying channels. 
FIG. 8 is an elevated vieW of the bipolar plate of FIG. 3 

provided With a plurality of How obstructions; and 
FIG. 9 is an isometric vieW of the bipolar plate shoWn in 

FIG. 8. 

SPECIFIC DESCRIPTION 

Referring to FIG. 1, a bipolar plate 10 manufactured in 
accordance With the invention is con?gured of a metal 
substrate 12 and a metallic corrosion-resistant layer 14 
deposited atop the metal substrate 12. To produce the 
inventive bipolar plate 10, metallic poWder having corro 
sion-resistant characteristics impinges upon a face of the 
substrate 12 at high velocities and, as a result, splats, embeds 
and interlocks the metallic substrate Within its boundary 
region 15, as shoWn in FIG. 4, to form the corrosion 
resistant layer 14. Thus, the inventive bipolar plate 10 is an 
all-metailic structure including the metal substrate 12 and 
the corrosion resistant layer 14 formed in the boundary 
region or interface 15, in Which the impinged particles have 
penetrated and bonded With the substrate. 
The inventive structure of the bipolar plate 10 has been 

produced by a thermal spray technique or cold gas dynamic 
technique including a group of processes Which predomi 
nantly employ jets of poWdered metallic particles ?oWing at 
high velocities to impinge against the surface of the sub 
strate material. Particularly, the high velocity oxygen fuel 
(HVOF) method has been successfully applied to produce 
the inventive bipolar plates 10. A rather typical structure 
implementing this method is shoWn in FIG. 2. The device 
includes a gun 16 in Which a fuel 20 (kerosene, acetylene, 
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propylene and hydrogen) and oxygen 18 are supplied into a 
combustion chamber 22 producing a hot high pressure ?ame 
Which is forced With an increasing speed along a nozzle 26. 
PoWder 24 is fed axially into the supersonic nozzle 26 under 
high pressure, and a high velocity jet stream 32 carrying 
poWdered particles exits the outlet port 28 of the nozzle 26 
to impinge against the boundary region of the substrate 12 
(FIG. 1). A cooling medium traversing conduits 30 loWers 
the temperature of the material of the gun 16. 

The very high kinetic energy of particles striking the 
surface of the substrate 12 alloWs the particles to splat, 
embed and interlock Within a boundary region 15 of the 
metallic substrate 12 during the formation of a thin layer 14, 
Which, in the context of the invention, is metallic and 
anti-corrosive (See FIG. 4). As a result of the HVOF 
process, the temperature of the metallic particles is slightly 
above their melting temperatures and thus the substrate 
material is minimally metallurgically affected. 

The substrate 12 can be selected from all electrical 
conductive metals including, but not limited to, stainless 
steel, aluminum and aluminum alloys, zinc and its alloys, 
magnesium and magnesium alloys and titanium and tita 
nium alloys. Advantageously, hoWever, the substrate 12 of 
the bipolar plate 10 includes aluminum characterized by loW 
electrical resistance and, thus, high electrical conductivity. 

The corrosion resistant layer 14 is selected from nickel 
based alloys, such as Superalloy (Inconnel 625), and/or 
carbide-based alloys that include, but not limited to, Tung 
sten Carbide, and Chrome Carbide. Excellent results have 
been achieved by utilizing a mixture of Nickel, Chrome and 
Carbide alloys, in Which Carbide alloys preferably constitute 
a relatively major part. 
A combination of the corrosion-resistant layer 14 and the 

boundary region 15 provides the surface of the bipolar plate 
10 With loW porosity. In fact, the bipolar plate 10 has only 
1% possibility of voids or porosity in the boundary region 
15. Accordingly, the surface of the bipolar plate 10 may 
require a slight amount of sealant, Which in this case Would 
lead to an insigni?cant increase of the electrical conductivity 
of the bipolar plates. Since the principle of forming the 
metallic, multi-layered bipolar plate 10 is diffusion and 
melting, the particles impacting into a face of the substrate 
12 can be cooled to temperatures minimizing the thermal 
gradient betWeen the plate’s opposite faces. Any suitable 
means for cooling may be utilized Within the context of this 
invention, including, for example, cooling medium carrying 
conduits Within a device used for forming a corrosion 
resistant layer 14, e.g., as shoWn in FIG. 2. Accordingly, the 
overall deformation of the bipolar plate 10 is minimized. 

Thus, the corrosion-resistant layer 14 and the substrate 12 
are intimately bonded Within the boundary region or inter 
face 15 characterized by high density, high tensile and sheer 
bonding strength. The temperature, velocity and resulting 
residual stress ?eld associated With the HOVF alloW the 
corrosion-resistant layers 14 to be about 000840.010 inches. 
Since the thickness of the layer 14 is insigni?cant, its 
contribution to a slight increase in the bipolar plate’s 10 
electrical resistance is minimal and can be ignored. Thus, the 
inventive bipolar plate 10 has a multi-layered all metallic 
structure characterized by a dense, corrosion-resistant sur 
face radically minimizing the deterioration of the bipolar 
plate 10 from oxidation. 

HoWever, even the reduced temperatures associated With 
the inventive method cannot completely eliminate metal 
deformation due to the still signi?cant gradient across the 
bipolar plate 10, as shoWn in FIG. 3. Repeated deformations 
of the plate 10 in opposite directions resulting from thermal 
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6 
coating of the opposites sides could be an additional cause 
of cracking of the corrosion-resistant layer and of gas 
leakage, particularly hydrogen, When the plates are stacked 
together to produce a poWer stack. Moreover, excessive 
distortion of the bipolar plates Will cause poor contacts 
betWeen the components of the fuel cell including elec 
trodes, diffusion corrosion-resistant layers 14, the substrates 
12, membranes and gaskets. This, in turn, increases electri 
cal resistance and causes the dissipation and Waste of the 
electrical energy as heat. 

In accordance With the invention, this draWback is rem 
edied in an effective and simple manner. As illustrated in 
FIG. 4, opposite faces of the substrate 12 are simultaneously 
thermally treated to provide for opposite corrosion resistant 
layers 14. Accordingly, the thermal gradient across the 
bipolar plate 10 is reduced, and hence, the deformation of 
the bipolar plate 10 is farther minimized. 

In accordance With one embodiment, a face of the sub 
strate 12 is juxtaposed With a heated component heating the 
substrate 12 by convection. Any source of heat including a 
hot or heated plate can be used as the heated component for 
thennally treating a side of the substrate 12 Which is opposite 
to the side of the substrate 12 being impinged by the 
particles. Preferably, hoWever, tWo HVOF guns 16 are used 
simultaneously to treat the opposite faces of the substrata 12. 
By using the guns 16 simultaneously to treat the opposing 
faces of the substrate 12, a heated boundary region 34 is 
formed due to the penetration of the high-velocity particles 
into the substrate 12, as shoWn in FIG. 4. In mass produc 
tion, the use of tWo guns 16 results in a cost-ef?cient process 
of producing the inventive bipolar plates 10. 

Alternatively to the thermal spray technique, the inventive 
subject matter includes a cold gas dynamic technique asso 
ciated With loW temperatures and high velocities. Hence, the 
bipolar plates treated by this technique do not tend to deform 
and thus do not require additional cooling techniques as 
discussed above. 
The inventive bipolar plate 10, as shoWn in FIG. 5, 

includes a peripheral region 40 and a centrally located active 
region 38. The process of producing the bipolar plate 10 
begins With machining a serpentine design 42 including a 
plurality of gas-conveying channels 44 Within the central 
region 38 on opposite faces of the bipolar plate, as better 
seen in FIGS. 6A, 6B and 7. In accordance With the 
invention, as shoWn in FIG. 7, the chazmels 44 each have a 
V-shaped cross section facilitating the application of the 
uniform corrosion resistant layer 14. Still another advantage 
of the V-shaped channel in the context of the invention is to 
reduce the number of spray passes necessary to treat the 
entire surface of the central region 38 of the bipolar plate 10. 
Accordingly, this feature of the invention renders the pro 
duction process of the bipolar plates 10 even more cost 
ef?cient. 
As knoWn, Water is generated in the oxygen side of a 

binolar during the reaction of the reactant gases as a byprod 
uct. Improper Water management Will decrease the poWer 
output of the fuel cell, or it could eventually stop the 
electro-chemical operation of the fuel cell because of the 
possibility of Water ?ooding the oxygen side of the bipolar 
plate. To minimize such a possibility, the vertical channels 
44 are formed in the oxygen side of the bipolar plate 10. 
More particularly, the vertical channels 44 are pointed 
doWnWard and extended betWeen horizontally provided con 
duits 50 so that Water is drained by gravity, as shoWn in FIG. 
6B. The hydrogen side, as shoWn in FIG. 6A, is provided 
With gas conveying channels 44 arranged in a horizontal 
zigzag con?guration. 
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To enhance the reaction between the reactant gases in a 
membrane juxtaposed With opposing sides of the adjacent 
bipolar plates, as known, each gas conveying channel or 
conduit 44 (FIGS. 8, 9) con?gured for conveying hydrogen 
and oxygen, respectively, have projections or bosses 80. 
FloW obstruction provided by the projections 80, Which 
redirect gas ?oW toWards the membrane, enhances the 
reaction of the reactant gases. A number and particular shape 
of the obstructions 80, Which can fully or partially block the 
How, are subject to given conditions. As a result, the poWer 
density output of the fuel cell pack is greatly improved as a 
result of enhanced interaction betWeen the reactant gases 
and reactant electrode assemblies. 

Thus, the bipolar plate 10 of the present in invention as 
shoWn in FIG. 1 is made of highly conductive metals. More 
speci?cally, the bipolar plate of the present invention has 
minimal electrical resistance and Weight. Furthermore, a 
manufacturing process for producing the bipolar plate of the 
present invention is cost-ef?cient. Due to the highly accel 
erated poWdered particles splatted, imbedded and inter 
locked in the substrate 12, the inventive bipolar plate 10 has 
a multi-layered structure characterized by a strong bond 
betWeen the substrate 12 and the metallic layer 14. Further 
more, because the metallic layer 14 is selected from nickel 
and carbide- based metallic alloys exhibiting high corrosion 
resistance, the bipolar plate 10 of the invention enjoys a long 
and productive life While having all the bene?ts associated 
With metals in the context of the fuel cells, as discussed 
above. 

While speci?c embodiments of the invention have been 
described in detail, it Will be appreciated by those skilled in 
the art that various modi?cations and alternatives to those 
details could be developed in light of the overall teachings 
of the disclosure. The presently preferred embodiments 
described herein are meant to be illustrative only and not 
limiting as to the scope of the invention Which is to be given 
the full breadth of the appended claims and any and all 
equivalents thereof. 
What is claimed is: 
1. A method of producing a metallic bipolar plate com 

prising the steps of: 
providing a plurality of metallic particles With high 

kinetic energy, the metallic particles being selected 
from metals or metal alloys exhibiting anti-corrosion 
characteristics; 

impinging the highly energiZed metallic particles against 
a metal substrate at high velocities, thereby ?attening, 
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embedding, diffusing, and interlocking the metallic 
particles With the metal substrate in a boundary region 
thereof, thereby forming a metallic corrosion-resistant 
layer Within the boundary region of the metal substrate; 
and 

reducing a temperature gradient by simultaneously form 
ing the metallic corrosion-resistant layer Within bound 
ary regions on opposite faces of the metallic substrates, 
thereby forming corrosion-resistant metallic boundary 
regions. 

2. The method of claim 1, Wherein the corrosion-resistant 
metallic boundary layer is formed using a thermal spray 
technique or a cold gas dynamic technique. 

3. The method of claim 1, Wherein the metallic particles 
are selected from the group consisting of nickel-based 
alloys, carbide-based alloys and a combination thereof. 

4. The method of claim 3, Wherein the combination of the 
nickel-based alloys and carbide-based alloys are predomi 
nantly carbide-based alloys. 

5. The method of claim 1, Wherein the corrosion-resistant 
metallic layer is about 000840.010 inch thick. 

6. The method of claim 1, further comprising forming a 
plurality gas conveying channels Within the corrosion-resis 
tant metallic boundary regions of the metallic substrate. 

7. The method of claim 6, Wherein the gas conveying 
channels each have a V-shaped cross-section, the method 
further comprising the steps of arranging the gas conveying 
channels on a ?rst face to guide oxygen in a vertical 
direction, thereby evacuating Water from one of the corro 
sion-resistant metallic boundary regions under gravity, and 
arranging the gas conveying channels on the opposite face to 
guide hydrogen in a horizontal Zig-Zag con?guration, and 
providing projections in each of the gas conveying channels. 

8. The method of claim 1, Wherein the metal substrate is 
a metal having a loW electrical resistance selected from the 
group consisting of aluminum, cast iron, steel, aluminum 
alloys, Zinc, magnesium, magnesium alloys and a combina 
tion of these. 

9. The method of claim 1, Wherein the step of simulta 
neously forming the metallic corrosion-resistant layer Within 
the boundary regions on the opposite faces of the metallic 
substrate prevents deformation of the bipolar plate. 


